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Abstract

It is widely held that the frontal eye field (FEF) in prefrontal cortex (PFC) modulates processing in 

visual cortex with attention, although the evidence for a necessary role is equivocal. To help 

identify critical sources of attentional feedback to area V4, we surgically removed the entire lateral 

PFC, including the FEF, in one hemisphere and transected the corpus callosum and anterior 

commisure in two macaques. This deprived V4 of PFC input in one hemisphere while keeping the 

other hemisphere intact. In the absence of PFC, attentional effects on neuronal responses and 

synchrony in V4 were significantly reduced and the remaining effects of attention were delayed in 

time indicating a critical role of PFC. Conversely, distracters captured attention and influenced V4 

responses. However, because the effects of attention in V4 were not eliminated by PFC lesions, 

other sources of top-down attentional control signals to visual cortex must exist outside of PFC.

The prefrontal cortex (PFC) has been implicated in the control of numerous cognitive 

functions including visual attention. Evidence from lesion and inactivation studies in both 

monkeys and humans has suggested that executive function and attention is impaired when 

PFC function is compromised1-4. Recording studies in monkeys5-8 and brain imaging 

studies in humans (for review see9,10) have also implicated PFC in the control of attention. It 

has thus been suggested that PFC is part of an attentional control network that exerts top-

down control by sending to extrastriate cortex feedback signals, which bias the competition 

among visual representations in favor of the attended stimuli11.
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For spatial attention, the frontal eye field (FEF) in PFC seems to play a central role in 

enhancing the responses of visual cells in areas such as V4 to behaviorally relevant stimuli. 

Electrical stimulation or pharmacological manipulation of a visual field location in FEF 

mimics the effects of attention on V4 neuronal responses12-14. Moreover, activity in the FEF 

is synchronized with activity in V4 in an attention task and this oscillatory coupling seems to 

be initiated by FEF neurons7. These findings, however, provide only indirect evidence that 

FEF acts as a necessary source of attentional signals to area V4.

To examine whether FEF is necessary for the attentional effects on V4 responses one would 

need to abolish FEF activity while recording in V4 in an attention task. Although it has been 

shown that local deactivation in FEF leads to impaired target selection at the affected 

location and affects orientation selectivity during a fixation task14 it has never been tested 

whether FEF deactivation affects attentional modulation in V4 during an attention task. 

Moreover, the role of PFC regions outside the low-threshold FEF in providing feedback to 

V4 is unknown. Thus, it remains an open question whether PFC provides necessary 

attention-related feedback to V4 and other ventral stream areas.

To test for a critical role of PFC in feedback to V4, we performed a unilateral lesion of the 

lateral PFC, including FEF and all of the lateral PFC areas with connections to the ventral 

stream. Thus, no parts of PFC providing critical feedback to V4 for spatial attention could be 

missed. Moreover, we cut the corpus callosum and anterior commissure to eliminate cross-

hemisphere PFC feedback. We recorded neuronal responses in area V4 during an attention 

task in the lesion-affected and intact hemisphere, with the latter serving as a control for the 

former. We also measured neuronal synchronization in V4 to assess how the loss of PFC 

affects different attentional mechanisms.

Results

Following the lesion (Fig. 1a,b) only visual processing in the left hemisphere (right 

hemifield) could be affected by PFC input (Fig. 1c). We recorded single unit activity and 

LFPs from area V4 while the monkeys performed an attention task and we compared 

responses in the control and lesion-affected hemisphere. The monkeys were trained to 

discriminate the orientation of a grating stimulus among distracter gratings of different 

colors. The color of a central cue presented at the beginning of the trial identified the target 

grating (Fig. 1d). Monkeys were required to respond by releasing a bar if the target grating 

was vertical (Fig. 1d, lower row) and keep holding the bar if it was non vertical (Fig. 1d 

upper row).

To make sure that monkeys would be able to perform the task and complete enough trials 

for the analysis of the recording data we used orientations that were well above the 

discrimination thresholds measured previously with a staircase procedure in a similar task1. 

As a result, the first monkey did not exhibit a significant decrease in performance on the 

lesion affected side (mean percent correct across sessions: control hemifield 75%, n = 19 

sessions, average trials/session = 985; lesion-affected hemifield 78%, n = 7 sessions, 

average trials/session = 906; unpaired t-test, t24 = 1.08, p = 0.29). The second monkey did 

show a small but significant decrease in performance on the lesion-affected hemifield (mean 
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percent correct across sessions: control hemifield 78%, n = 74 sessions, average trials/

session = 1134; lesion-affected hemifield 71%, n = 43 sessions, average trials/session = 

1475; unpaired t-test, t115= 4.09, p < 0.001). Both monkeys had significantly longer reaction 

times in release trials when stimuli were presented contralateral to the lesion (monkey 1, 

control hemifield: mean RT = 420 ms, n = 3461 trials, lesion-affected hemifield: mean RT = 

433 ms, n = 1800 trials, unpaired t-test, t5259 = −10.2, p<0.001; monkey 2, control 

hemifield: mean RT = 392 ms, n = 29012 trials, lesion-affected hemifield: mean RT =457 

ms, n = 20311 trials, unpaired t-test, t49321 = −97.6, p<0.001).

Effects of Attention on Firing Rates

We recorded neuronal activity from 283 visually responsive neurons (Wilcoxon sign-rank 

test, p<0.01) in V4 of the intact hemisphere (monkey 1: 119 neurons,; monkey 2: 164 

neurons) and 118 visually responsive neurons in the lesion-affected hemisphere (monkey 1: 

30 neurons, monkey 2: 88 neurons). Results were qualitatively similar in both monkeys and 

were thus combined unless stated otherwise.

We first confirmed that neuronal responses to two stimuli inside the RF are determined by 

the interaction between the two stimuli and that the sensory interaction is modulated by 

attention as previously described15. Sensory interaction (SI) for two stimuli in the RF (stim1 

and stim2) was related to the selectivity (SE) for the two stimuli, in that adding stim1 drove 

the neuronal response toward the response elicited by stim1 alone (Supplementary Fig. 1). 

The absolute SE values were not significantly different in the two hemispheres 

(control:median SE = 0.028, lesion: median SE = −0.04; Wilcoxon ranksum test, p = 0.25) 

suggesting that the absence of PFC did not affect visual selectivity in V4, at least for the two 

stimuli presented in the RF in the trials we considered for our analyses. Subsequently, we 

directed the monkeys' attention to each of the two stimuli in the RF. In agreement with 

previous studies15, neuronal responses to the pair were driven toward the response to the 

attended stimulus presented alone in both hemispheres (Supplementary Fig. 1). SI values for 

pairs of stimuli in the RF changed significantly when attention was directed to stim1, stim2 

or outside the RF (one-way repeated measures ANOVA, control: F2,448 = 56.96, lesion: 

F2,206 = 15.9, p<0.001 in both hemispheres).

To examine the effect of attention on firing rates in the two hemispheres in more detail we 

compared responses with attention directed inside the RF to those when attention was 

directed outside the RF. For the former (attend in condition) we limited analysis to trials in 

which attention was directed to the preferred color (stim1 or stim 2) because of the 

dependence of attentional modulation on neuronal selectivity. In the control (intact) 

hemisphere 71% of the neurons showed a significant enhancement in their firing rates (5% 

showed a significant decrease) with attention (average response in a window 150-300 ms 

after stimuli onset; Wilcoxon rank-sum test, p < 0.05). At the population level (Fig. 2a), 

activity was enhanced with attention by 25% (150-300 ms poststimulus, Wilcoxon sign-rank 

test, p < 0.001).

Compared to the control hemisphere, attentional effects were smaller in the lesion-affected 

hemisphere. Specifically, 55% of the neurons showed a significant enhancement in their 

firing rates (2% showed a significant decrease) with attention (average response 150-300 ms 
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after stimuli onset; Wilcoxon rank-sum test, p < 0.05). At the population level (Fig. 2b) 

activity was significantly albeit modestly affected by attention showing a 15% increase for 

firing rates (average response 150-300 ms, poststimulus, Wilcoxon sign-rank test, p < 

0.001). A distribution of effects in the control and lesion-affected hemisphere is shown in 

Supplementary Fig. 2. Attention indices for firing rate modulation (AIFR) were significantly 

lower in the lesion-affected side (Fig. 2c, control hemisphere: median AIFR = 0.11, lesion-

affected hemisphere: median AIFR = 0.06, Wilcoxon rank-sum test p < 0.001). Thus, in the 

absence of PFC, attentional modulation of firing rates in V4 is decreased, strongly 

supporting the notion that PFC is a source of attentional modulation in V4.

Next, we tested whether in the absence of PFC, attentional selection latencies in V4 would 

be shifted later. We were able to estimate the latencies of attentional effects for 165 neurons 

in the control hemisphere and 47 neurons in the lesion-affected hemisphere. In the control 

hemisphere attentional latencies were significantly earlier relative to those measured in the 

lesion-affected hemisphere (Fig. 2d, control: median latency = 161 ms, lesion: median 

latency = 199 ms, Wilcoxon rank-sum test p < 0.001). To rule out the possibility that earlier 

latencies in the control hemisphere might be due to the larger attentional effect on the 

control side we repeated the analysis, including only neurons with attentional effects of 

similar size (20-40% increase with attention). In this subset of signals too (52 and 18 

neurons in the control and lesion-affected hemisphere, respectively) the distribution of 

latencies in the control hemisphere was shifted earlier compared to that in the lesion-affected 

hemisphere (control median latency: 178 ms, lesion median latency: 214 ms; Wilcoxon 

rank-sum test, p < 0.02). The delayed onset of attentional effects in the lesion-affected 

hemisphere confirms that the absence of PFC deprives V4 of an important source of 

attentional modulation.

Effects of Attention on Neuronal Synchronization

Previous studies have shown that in addition to modulating firing rates, attention enhances 

neuronal synchronization within V4 as well as within other areas of the attentional 

network7,16-21. Moreover, we have shown that oscillatory coupling between FEF and V4 in 

the gamma frequency range is enhanced with attention and that this coupling is initiated by 

the FEF visual neurons7,19. We therefore asked how the absence of PFC input affects 

neuronal synchronization in V4, using both LFP power analysis and spike-field coherence 

(SFC) estimates.

We recorded 252 LFP signals from V4 of the control hemisphere and 152 LFPs from the 

lesion-affected hemisphere. At the population level, we found a significant attentional 

enhancement of LFP power in gamma frequencies between 50 and 90 Hz in both 

hemispheres (Fig. 3a-d, average power 200-300 ms post stimuli onset, paired t-test, control: 

t251 = 12.11, lesion: t127 = 11.44, p <0.001 in both hemispheres). Gamma power was 

enhanced by 10% in the intact hemisphere and by 7% in the lesion-affected hemisphere (for 

a distribution of effects see Supplementary Fig. 3). Attentional indices (AIpowergamma) were 

significantly lower in the lesion-affected hemisphere (Fig. 3e; median AIpowergamma 

control: 0.05, lesion: 0.03; Wilcoxon rank-sum test p <0.05). The decrease in attentional 
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modulation indicates that the PFC input to V4 is responsible at least in part for the increase 

in gamma power with attention.

Moreover, similar to our firing rate results attentional latencies in LFP gamma power in the 

lesion-affected hemisphere were shifted significantly later compared to latencies in the intact 

hemisphere (Fig. 3f, control median: 169 ms, lesion median: 242 ms; Wilcoxon rank-sum 

test p < 0.001). This difference in latencies did not depend on the magnitude of the 

attentional effect in the two hemispheres. When we considered only signals with effects of 

similar magnitude (61 signals in the control and 71 signals in the lesion-affected hemisphere 

with gamma enhancements with attention 5-15%), latencies in the control hemisphere were 

significantly earlier (control median: 185 ms, lesion median: 239 ms, Wilcoxon rank-sum 

test p < 0.05).

LFP power was also modulated in beta frequencies. We found a statistically significant 

decrease in power with attention in frequencies 15-30 Hz in the control hemisphere but the 

difference did not reach significance in the lesion-affected hemisphere (Fig. 3a,b,g,h; 

average power 200-300ms post stimulus, paired t-test: control: t251 = −9.40, p < 0.001, 95% 

CI [−0.875,−0.572], lesion: t127 = 1.78, p = 0.08, 95% CI [−0.011, 0.26]) suggesting a larger 

effect of attention on beta power modulation in the control hemisphere. At the population 

level LFP beta power was decreased by 5% in the control hemisphere and was enhanced by 

0.9% in the lesion-affected hemisphere (for a distribution of attentional effects see 

Supplementary Fig. 3). Attentional indices for beta power were significantly lower in the 

control hemisphere (Fig. 3i; median AIpowerbeta control: −0.02, lesion: 0.009; Wilcoxon 

rank-sum test p < 0.001). LFP power in alpha frequencies (9-14Hz) was also significantly 

decreased with attention albeit in both hemispheres (Fig. 3a,b, p < 0.001 in both cases) and 

the magnitude of attentional modulation was not significantly different in the two 

hemispheres (median AIpoweralpha control: −0.008, lesion: −0.01; Wilcoxon rank-sum test, 

p = 0.07). At the population level LFP alpha power was decreased by 3% in both 

hemispheres.

We next considered spike-LFP coherence analysis (SFC), which provides a direct measure 

of phase locking between spike trains and LFPs in the frequency domain. Our dataset 

consisted of 339 spike-LFP pairs in the intact hemisphere (167 pairs from monkey 1 and 172 

pairs from monkey 2) and 265 pairs in the lesion-affected hemisphere (42 from monkey 1 

and 223 from monkey 2). SFC coherence was significantly enhanced with attention between 

50 and 90 Hz in both hemispheres (intact: Fig. 4a, paired t-test, t338 = 8.95, p < 0.001; 

lesion-affected hemisphere: Fig. 4b, t264 = 3.64, paired t-test p < 0.01; for a distribution of 

effects on gamma coherence see Supplementary Fig. 4). However, the attentional 

modulation of coherence between 50 and 90 Hz was significantly lower in the lesion-

affected hemisphere compared to the intact hemisphere (Fig. 4c; Wilcoxon rank-sum test, p 

< 0.01, median AIcohgamma, control: 0.09, lesion: 0.03). This result confirms and extends 

our LFP gamma power findings providing direct evidence for a causal role of PFC input in 

the enhancement of gamma synchronization in V4.

Beta coherence (15-30 Hz) was significantly decreased with attention in the intact 

hemisphere (Fig. 4a, paired t-test t338 = −4.16, p <0.001, 95% CI [−0.012,−0.004]) although 
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this effect was mainly driven by the first monkey's data (monkey1: paired t-test, p<0.001; 

monkey 2: p = 0.12). In the lesion-affected hemisphere the effect of attention on beta 

coherence did not reach significance (Fig. 4b, paired t-test, t264 = −0.27, p = 0.79, 95% CI 

[−0.004, 0.003]). These results indicate that the effect of attention on beta coherence 

modulation was larger on the control side. Indeed, a direct comparison of beta modulation in 

the two hemispheres showed that the modulation was significantly lower in the lesion 

compared to the intact hemisphere (median AIcohbeta intact: −0.060, lesion: 0.016; 

Wilcoxon rank-sum test p < 0.05) with attention indices in the lesion-affected hemisphere 

not significantly different from zero (sign-rank test, p = 0.59).For a distribution of 

attentional effects on beta coherence in the two hemispheres see Supplementary Fig. 4.

Attention has also been shown to reduce noise correlation22,23 which corresponds to the 

correlation of spike counts over trials between pairs of neurons. Given that such correlated 

“noise” would reduce the fidelity of neuronal signals it has been suggested that a reduction 

in the shared variability could increase the signal-to-noise ratio and thus improve neural 

coding24. We computed the Pearson's correlation coefficient of spike counts (within a 

window 150-300 ms poststimulus) over trials between pairs of neurons in V4 (226 neuronal 

pairs in the control hemisphere and 96 pairs in the lesion-affected hemisphere) in the two 

attention conditions. In accordance with previous studies we found that attention 

significantly reduced noise correlation (r) in the control hemisphere (Fig. 4d, Wilcoxon sign 

rank test, p < 0.001, 95% CI [−0.06,−0.02]). However, the change in noise correlation with 

attention did not reach significance in the lesion-affected hemisphere (p = 0.27, 95% CI 

[−0.04, 0.015]). Thus, the effect of attention on noise correlation was larger on the control 

side. Indeed, a direct comparison showed that correlation change (rattended−runattended) was 

significantly larger in the intact hemisphere compared to the lesion-affected hemisphere 

(Wilcoxon rank-sum test p < 0.05; control median difference: −0.04, lesion median 

difference: −0.007).

Attentional Modulation in Correct and Error Trials

We next addressed the relative magnitude of attentional modulation in trials with correct and 

incorrect responses. Incorrect responses included incorrect release on hold trials and 

incorrect hold on release trials but not fixation breaks. The population results are shown in 

Figs 5 and 6 (see also Supplementary Fig. 5). When data from both monkeys were pooled 

together the effects of attention on firing rates, alpha and gamma power, and gamma SFC 

were reduced or eliminated in both hemispheres on error trials compared with correct trials. 

Thus, all of these measures were sensitive to behavioral performance. By contrast, 

modulation of beta SFC, beta power and noise correlation did not depend on the monkeys' 

performance but only on the presence of PFC, in that all measures were reduced in the 

lesion-affected hemisphere, regardless of performance. A comparison of attentional effects 

on correct and error trials in both the intact and the lesion-affected hemispheres is provided 

in Table 1 for each monkey separately.

We hypothesized that if PFC is an important source of attentional selection signals, the 

absence of PFC should specifically increase interference from distracters. To this end, we 

considered trials with a single vertical stimulus (target or distracter) in the array in which the 
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monkey released the bar. These comprised: a) trials in which the monkey released correctly 

to a vertical target inside the RF (vertical in, correct release, INcr), b) trials in which the 

monkey released correctly to a vertical target outside the RF (vertical out, correct release, 

OUTcr), c) trials in which attention should have been directed inside the RF and the monkey 

should have held the bar but the monkey released incorrectly and there was a vertical 

distracter outside the RF (vertical out, incorrect release, OUTincr) and d) trials in which 

attention should have been directed outside the RF and the monkey should have held the bar 

but the monkey released incorrectly and there was a vertical distracter inside the RF (vertical 

in, incorrect release, INincr). By comparing incorrect releases in the presence of a vertical 

distracter to correct releases to a vertical target we wanted to test whether there was any 

neural evidence that the vertical stimulus captured the monkeys' attention and thus that the 

absence of PFC results in increased distractibility.

We found a significant main effect of hemisphere and trial type on firing rates and LFP 

gamma power (Fig. 7; two-way ANOVA, firing rates, main effect of hemisphere: F1,974 = 

7.18, p < 0.01; main effect of trial type: F3,974 = 69,1, p < 0.001; LFP gamma power, main 

effect of hemisphere: F3,1193 = 42.4, p < 0.001; main effect of trial type: F1,1193 = 16.3, p < 

0.001). We employed post-hoc tests to examine how responses in the different types of trials 

compared to each other. Had the monkeys' attention been reliably directed toward the 

vertical grating in the array we should have seen no significant difference between INcr and 

INincr as well as between OUTcr and OUTincr. The data on the intact hemisphere did not 

support this view. There were no significant differences in firing rates between INincr and 

OUTincr,(Fig. 7a,b, Tukey-Kramer test p = 0.40) with all other pairwise comparisons 

showing significant differences. Moreover, there were no significant differences in LFP 

gamma power between INcr, and OUTincr as well as between INincr and OUTincr (Fig. 

7c,d, Tukey-Kramer test p > 0.14 in both comparisons) with all other pairwise comparisons 

showing significant differences. These results indicate that incorrect release responses 

cannot be attributed reliably to shifts of attention toward the vertical distracter on the intact 

side.

By contrast, in the lesion-affected hemisphere, responses in the four trial types reflected the 

location of the vertical stimulus regardless of the cue/target color. Responses in INcr and 

INincr did not differ significantly and the same was the case for OUTcr and OUTincr (Fig. 

7e-h, Tukey-Kramer test p > 0.08 in both comparisons for both firing rate and LFP gamma 

power). Unfortunately, due to the small number of error trials we were not able to address 

the same question for coherence the calculation of which requires a large number of trials 

for a reliable estimate. However, the behavioral data also suggested increased distractibility 

in the absence of PFC showing a significantly higher incidence of incorrect releases to 

vertical distracters in the lesion-affected compared to the intact hemifield (intact: median 

12%[monkey 1:10%, monkey 2: 13%], lesion: median 17%, [monkey 1: 20%, monkey 2: 

17%], Wilcoxon rank-sum test p < 0.01). These results indicate that in the absence of PFC, 

the monkeys' ability to use the cue to guide their attention was compromised and they were 

more easily distracted by stimuli associated with a response.
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Discussion

As a strong test of the idea that PFC is necessary for the top-down attentional modulation of 

neuronal responses and synchrony in V4, we abolished PFC inputs to extrastriate cortex in 

one hemisphere and recorded activity in area V4 in the intact and lesion-affected 

hemispheres during an attention task. The absence of PFC input, resulted in reduced 

attentional modulation of firing rates in V4 and in a delayed onset of attention effects on 

neuronal responses. This finding is consistent with human studies showing that perturbations 

of frontal cortex function in healthy subjects as well as unilateral focal lesions in 

dorsolateral PFC of stroke patients diminish attentional modulation of ERP responses on 

posterior sites25-27. Our results establish a necessary role of PFC in the modulation of 

neuronal responses with attention – the earliest effects of attention on V4 responses (those 

occurring 150-200 ms following the onset of a stimulus) seem to be entirely dependent on 

PFC.

A selective enhancement of the representation of the attended stimulus can be achieved by 

modulating the gain of firing rates in visual cortex as well as by modulating the 

synchronization of activity. A role of synchrony in selective attention has been suggested by 

studies showing increases in local gamma synchronization with attention in extrastriate 

cortex7,16,18,20,21 and correlation of these enhancements with behavior21,28. More 

importantly, long range synchronization of activities between areas is enhanced with 

attention and it has been proposed that these oscillatory interactions with the appropriate 

phase relationship could provide a temporal structure to facilitate communication across 

selected populations of neurons in distant areas5,7,20,29-31. However, the brain structures 

responsible for the initiation of the oscillatory activity in extrastriate cortex have been 

unknown.

The reduction we found in gamma power modulation and gamma coherence on the lesion-

affected V4 as well as the longer attentional latencies in gamma power demonstrate that 

PFC is one source of modulation of gamma synchrony in V4. If increases in gamma 

synchrony between selected neuronal populations facilitate neuronal communication and 

processing of attended stimuli over unattended ones as previously suggested, the reduction 

of gamma synchronization in the lesion-affected hemisphere could result in less efficient 

selection of relevant stimuli and inadequate filtering of distracters. Although the modulation 

of gamma synchronization we found with attention extended to somewhat higher 

frequencies compared to those found in one previous study7,19 it remained within the 

frequency range of attentional modulation reported in other studies18,21. The small 

difference in the frequency range could be due to differences in the size or contrast of the 

stimuli across studies32,33.

Similar reductions were found in modulation of synchrony in lower frequencies in the 

lesion-affected hemisphere indicating that PFC is also critical for the suppression of beta 

frequency synchronization as well as for the reduction in noise correlation. A decrease in 

noise correlation has been suggested to improve neural coding by increasing the signal-to-

noise ratio24. Beta band oscillations have been suggested to signal the status quo and a 

decrease of this activity is thought to allow processing of novel events34. Our data are 
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consistent with this theory. A suppression of beta power and SFC in the intact hemisphere 

with attention could facilitate processing of the orientation of the grating that determined the 

required response. The diminished modulation found in the lesion-affected hemisphere 

could reflect maintenance of a cognitive set (e.g. perseverance or search for the vertical 

stimulus regardless of the cue identity). The exact mechanisms through which PFC inputs 

can induce a selective suppression of beta synchrony and how this allows for a change of the 

current state remain open questions.

Beta band modulation did not correlate with behavioral performance as it was not 

significantly different in correct and error trials supporting the view that the magnitude of 

beta synchrony modulation reflects the strategy adopted by the monkey. By contrast, 

modulation of gamma synchrony, firing rates and alpha power reflected attentional 

performance in that all three measures showed a larger modulation in correct compared to 

error trials.

We also assessed how the absence of PFC affects attentional guidance. Firing rates and LFP 

gamma power in the lesion-affected V4 but not V4 on the intact side reflected the position 

of the vertical grating and not the location of the cued stimulus. Moreover, on the lesion-

affected hemifield monkeys tended to make more errors and respond to vertical distracters 

when present in the array. These findings strongly point to two alternative interpretations 

that are not mutually exclusive. One is that the loss of PFC forced the monkeys to adopt a 

new strategy on the lesion-affected side, which allowed them to look for the same type of 

stimulus in all trials i.e. a vertical grating ignoring the cue. We have previously shown that 

PFC is not critical for this behavior1. Alternatively, the monkeys may have been distracted 

by the vertical grating and could not inhibit a response to it. Consistent with this 

interpretation previous studies have reported impairments in distracters' suppression and 

increased distractibility in patients with focal PFC lesions35. Recent electrophysiological 

and inactivation data have also suggested a role of PFC in suppressing the representation of 

distracters36.

Although the current findings clearly demonstrate that PFC is one source of modulatory 

signals that influence attention-related responses in V4, we can only speculate on the exact 

origins of such influence based on the known anatomical connections between PFC regions 

and V4. Besides the direct FEF projections to V4, signals from prefrontal areas 9, 12, 45, 

and 46 can reach V4 through FEF37. Signals from 46, FEF and 12 can also influence V4 

activity through the lateral intraparietal area (LIP) and the adjacent parietal convexity37-40. 

Finally, FEF, area 12, ventral 46 and 45 can also exert their effect on V4 via projections to 

visual areas TE and TEO in the inferior temporal cortex37,41,42. Unfortunately, although the 

data from large permanent lesions of PFC can directly determine the necessity of PFC in 

top-down control they cannot narrow down the critical PFC sources and the specific circuits 

involved. Future studies employing spatially restricted inactivations within PFC could 

address this question.

Despite the extended PFC lesion we performed, attentional modulation of neuronal 

responses and synchrony in V4 was not completely abolished as one would expect if PFC 

was the only source of top-down signals to V4. Moreover, the monkeys were still able to 
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perform the task although reaction times and accuracy were affected by the lesion. There are 

several possible sources of the remaining modulation. Parts of the prefrontal and 

orbitofrontal cortex that were spared by the lesion might have contributed to the residual 

modulation, although it is not clear that these areas have the spatial resolution to separate 

targets from distracters. These include area 10, the spared part of area 12, mesial prefrontal 

areas, as well as orbitofrontal areas 11, 12, 13 and 14. The orbitofrontal cortex shares 

anatomical connections with the temporal cortex and could conceivably affect visual 

processing in V4 through area TE37. Similarly, mesial prefrontal areas 9, 10 and 32 are 

directly connected to orbitofrontal cortical areas37 and could therefore indirectly influence 

visual processing in the ipsilateral temporal lobe. Although there is no evidence of an 

orbitofrontal cortex involvement in the top-down control of attention it is possible that 

plasticity mechanisms allowed nearby cells in the spared tissue to assume the function of the 

removed PFC as previously shown in the somatosensory system43. It is also possible that the 

PFC in the intact hemisphere may have contributed attention-related signals to the 

contralateral superior collliculus (SC) (through the ipsilateral SC and the posterior 

commissure), which may have in turn influenced V4 responses through the tecto-pulvinar 

pathway. This seems unlikely given that reversible inactivation of SC causes visual selection 

deficits but does not affect attentional modulation in MT and MST44. However, it is possible 

that long-term plasticity mechanisms utilized an unusual anatomical route. Moreover, we 

cannot rule out the possibility that the monkeys adopted a strategy that did not require the 

PFC on the lesion-affected hemifield. In fact, our results indicate that on the lesion-affected 

side monkeys tended to respond to the vertical grating irrespective of whether this was the 

target or a distracter. It is possible that this strategy depended on structures outside the PFC.

In spite of the possible complications of long term plastic changes following the PFC lesion, 

we favor the view that PFC normally shares its role in attentional control with other 

structures, such as the parietal cortex. Microstimulation, lesion and inactivation studies 

suggest that similar to FEF, the parietal cortex, and LIP in particular, which has direct 

connections with V438,45, plays a role in the covert deployment of attention4,46,47. The 

pulvinar is another possible source of attentional modulation in V430,48 through its 

widespread connections with visual cortical areas49. The ventral part of the pulvinar, which 

receives input from temporal visual areas and the SC49,50 is likely to relay tectal and cortical 

input from temporal and parietal areas to V4 and/or regulate synchrony of activities across 

different areas to subserve attentional selection. The lateral pulvinar, which has direct 

projections to V450 may also relay the relevant information.

In conclusion, the present findings establish that the lateral PFC is one source of attention 

related signals to V4, which are responsible for the modulation of responses and oscillatory 

activity. Loss of PFC results in long-lasting effects on attentional measures, including firing 

rate responses and gamma synchrony in V4. However, the loss of PFC-induced modulation 

is compensated to some degree by inputs from other areas. Future studies should reveal the 

areas necessary for the control of attention and elucidate their distinct contributions.
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Online Methods

Subjects and lesions

Two male rhesus monkeys (Macaca mulatta) weighing 8-10 kg were used. Lesions of 

prefrontal cortex were made as previously described1. Briefly, unilateral lesions of the 

lateral surface of prefrontal cortex of the right hemisphere were made by aspiration of the 

gray matter. The caudal border of the lesion coincided with the depth of the arcuate sulcus, 

and the rostral border extended to the frontal pole. The lesion extended dorsomedially to the 

midline and ventromedially to the orbital gyrus. As a result it included area 8, dorsolateral 

areas 9 and 46, and ventrolateral areas 45 and 12 sparing the mesial and orbital prefrontal 

cortices. The extent of the prefrontal lesion was verified postsurgically by a reconstruction 

of the remaining cortical structures from coronal slices obtained with magnetic resonance 

imaging (MRI) (GE Healthcare, Chalfont St. Giles, Buckinghamshire, UK; 1.5 T; 1 mm 

thick slices; 256x256 pixel resolution; 11 cm field of view). In addition to the prefrontal 

lesion, the anterior commissure and corpus callosum were transected so that visual 

processing in only the left hemisphere could be affected by feedback from PFC. This 

allowed us to have one intact control hemisphere and thus, to compare recording results 

from the two hemispheres in the same monkey. Naturally, by transecting the corpus 

callosum and the anterior commissure we also eliminated the interhemispheric connections 

between the two prefrontal lobes. Thus, it is not unlikely that PFC function on the non-

lesioned side was affected by this manipulation. Although we cannot rule out this possibility 

the size of the attentional effects we measured in V4 on the non-lesioned side are 

comparable to those reported in previous studies7,15. This fact suggests that the non-lesioned 

hemisphere was a valid control. A reconstruction of the lesion is illustrated in Fig. 1.

The monkeys were implanted with a post to fix the head, with a scleral search coil for 

monitoring eye position51, and with a recording chamber over area V4. All procedures and 

animal care were in accordance with the NIH guidelines and were approved by the National 

Institute of Mental Health Institutional Animal Care and Use Committee.

Behavioral Task

The same two monkeys were previously used in a study, which examined the behavioral 

effects of PFC removal in an attention task1. The monkeys were trained before the lesion to 

discriminate the orientation of a target grating among distractors in a task in which no color 

cue was presented and there was no fixation control. Five to nine months after the lesion, 

following a recovery period and additional training, the monkeys were tested in different 

versions of an orientation discrimination task using a staircase procedure. The training 

protocol and time frame of training in these tasks have been described in more detail 

previously1. The task used in the current study during V4 recordings was very similar to one 

of the tasks employed in our previous study (experiment 1) to test the monkeys' ability to 

switch top-down control in a cued attention task. During the task the monkeys were seated 

in front of a computer monitor (resolution 800x600 pixels and refresh rate 100Hz) at a 

distance of 57cm with their heads fixed. Behavioral parameters and presentation of visual 

stimuli were controlled by the CORTEX software package. Receptive fields (RFs) were 

mapped by flashing stimuli while the monkeys were fixating centrally.
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Monkeys were trained to fixate a central cue and discriminate the orientation of a colored 

target grating presented among distracter gratings of different colors. Specifically, at the 

beginning of each trial the monkeys had to hold a lever for a central cue to appear. 

Successful fixation of the cue for 400 ms was followed by the appearance of three or four 

sinusoidal gratings of different color (red, green, blue and white) for 350 ms. The gratings 

were arranged on one hemifield (contralateral to the recorded V4), at equal distances from 

the central cue, at the appropriate eccentricity so that one or two gratings were positioned in 

the lower quadrant inside the RF of the recorded neurons and two gratings were positioned 

in the upper quadrant outside the RF. All stimuli were matched for luminance. The central 

cue was present throughout the trial and its color identified the target. For example, a red 

cue indicated that attention should be directed to the red grating, a blue cue to the blue 

grating etc. The color of the cue and thus the identity of the target changed randomly from 

trial to trial. The relative positions of the colored gratings were randomly assigned on each 

trial (see Fig. 1d). Monkeys were required to release the lever within 850 ms following the 

gratings onset if the target grating was vertical and keep holding the bar for 850 ms if the 

grating was non vertical. Non vertical orientations were confined to orientations 30, 45, −30, 

−45 deg away from vertical. The monkeys had to maintain fixation of the cue throughout the 

trial. The probability of the cued grating being vertical was 50%. Moreover, to ensure that 

the monkeys would not just release the bar every time a vertical grating was present in the 

display we included a vertical distractor (with the other gratings being non-vertical) in 20% 

of the trials.

Recording

Recordings started 4.5-5 years after the lesion in both monkeys. Spikes and local field 

potentials (LFPs) were recorded from area V4 with up to four tungsten microelectrodes 

using a Multichannel Acquisition Processor system (Plexon Inc). Electrodes were spaced 

650 or 900 μm apart. Spike data were obtained after filtering between 250 Hz-8 kHz, 

amplifying and digitizing the signal at 40 kHz. Spikes were selected offline to include multi-

unit activity on each electrode and were sorted offline using the Offline Sorter software 

(Plexon, Inc) to isolate spike trains from single units. For the LFP, the signals were filtered 

between 0.7-170 Hz, amplified and digitized at 1 kHz. Training (and recordings) were 

carried out first in the intact hemifield (left hemisphere) and later in the lesion-affected 

hemifield (right hemisphere) in both monkeys. We selected this design to ensure that the 

monkeys would be motivated to perform the task when stimuli were presented in the 

contralesional hemifield.

Data Analysis

All statistical analyses were assessed by two-tailed tests in MATLAB (MathWorks). We did 

not run any statistical test to determine sample sizes (number of signals) a priori. The sample 

sizes included in the analyses are similar to those reported in previous publications. Our 

experimental design did not have multiple experimental groups and as a result no 

randomization or blinding was necessary.

Firing Rates—For analysis, spike data were downsampled to 1kHz. Analysis was 

restricted to neurons with statistically significant visual responses relative to baseline 
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(Wilcoxon sign-rank test, p < 0.01, visual response 80-250 ms following the visual array 

onset, baseline activity: −200-0 ms relative to stimuli onset).

To assess selectivity and the effect of sensory interactions for the two stimuli in the RF we 

first measured firing rates to each stimulus presented alone inside the RF with the monkey's 

attention directed away from the RF i.e. with the color of the cue matching the color of a 

grating positioned outside the RF. Selectivity was calculated as the difference between the 

normalized responses to each of the two stimuli presented alone in the RF within a window 

150-300 ms following stimulus onset (SE = FRnormstim1−FRnormstim2). We then 

measured the response when these two stimuli (stim1 and stim2) were presented together in 

the lower quadrant inside the RF and the monkey's attention was directed in the upper 

quadrant away from the RF. Sensory interaction was quantified by an index SI defined as SI 

= FRnormpair – FRnormstim2 where FRnormpair corresponds to the normalized response to 

the pair and FRnormstim2 to the normalized response to stimulus 2 when this was presented 

alone in the RF. Subsequently, we directed the monkeys' attention to each of the two stimuli 

in the RF and measured how responses to the pair were affected by attention.

We determined the color that elicited the largest response (preferred color) for each neuron 

by considering trials in which attention was directed outside the RF in the upper quadrant 

while there was one stimulus inside the RF. For the “Attend Inside RF” condition we 

included trials in which attention was directed inside the RF to the stimulus with the 

preferred color. In the “Attend Outside RF” condition we included trials in which attention 

was directed outside the RF with the preferred stimulus inside the RF. We did not observe 

any baseline shift in the two conditions, thus, the difference in the cued color in the two 

conditions (preferred vs other) has not confounded our results. The attentional effect for 

each neuron was quantified by computing an attention index as AIFR = (Response in Attend 

In − Response in Attend Out)/(Response in Attend In + Response in Attend Out). Responses 

were averaged within a window 150-300 ms following stimuli onset. Data from both release 

and hold trials were included in the analyses. To calculate the population average of firing 

rates we normalized responses of individual neurons to the mean activity −200 to 400 ms 

relative to stimuli onset across both attention conditions. The latency (onset) of attentional 

effects was estimated for each neuron as follows. First, for each attention condition we 

convolved the spiking signal in each trial with a Gaussian kernel with a standard deviation 

of 10ms. We next compared the values in the two conditions across trials and asked for at 

least 15 consecutive 1ms bins to be significantly different (unpaired t-test, p < 0.05). The 

first of the 15 bins signified the onset of attentional effect.

Noise correlation was computed as the Pearson's correlation of spike counts over trials, 

within a window 150-300 ms post stimulus, between pairs of simultaneously recorded 

neurons. We used trials in which the stimuli inside the receptive field were the same in both 

attention conditions to avoid any confounding effect of selectivity in our noise correlation 

calculation.

LFP power—The time course of the LFP power spectra was calculated using the Hilbert-

Huang Transform (HHT)52 which employs the Empirical Mode Decomposition (EMD) 

method and the Hilbert transform. First, we calculated the Hilbert spectrum for each trial in 
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2 ms bins and smoothed the three dimensional time-frequency spectra with a 2D Gaussian 

filter (sigma=[4ms, 2Hz], size=[10ms, 5Hz]). To compute the population average we 

normalized LFP power within the frequency range of interest per condition for each LFP 

signal by dividing with the average power within the frequency range of interest across both 

conditions in a 200 ms window before stimuli onset. To obtain latency estimates of the 

attentional modulation in gamma power in each signal we averaged LFP power between 50 

and 90 Hz. The attentional latency was determined as the time corresponding to the first out 

of 8 consecutive 2 ms bins that were significantly different in the two conditions (t-test, p< 

0.05). Attentional modulation of LFP power in the various frequencies of interest (gamma, 

beta, alpha) was quantified by calculating a modulation index for each frequency range of 

interest (foi) AIfoi = (LFP power in freq of interest in Attend In − LFP power in freq of 

interest in Attend Out) / (LFP power in freq of interest in Attend In + LFP power in freq of 

interest in Attend Out).

Coherence Analysis—Coherence spectra between spikes (multi-units) and LFPs were 

calculated using the following formula for the calculation of coherency between two signals 

x and y:

Where Sx(f), and Sy(f) represent the auto-spectra and Sxy(f) the cross-spectrum of the two 

signals x and y averaged across trials. We calculated coherence within a window 200 to 400 

ms following stimuli onset and we used multi-taper methods to achieve optimal spectral 

concentration. An optimal family of orthogonal tapers given by the discrete prolate spheroid 

sequences (Slepian functions) was employed as described before7,18, 53 providing an 

effective smoothing of ± 10Hz. Only spike signals showing a significant visual response and 

a mean firing rate of at least 10 spikes/sec were included in the coherence analysis. To avoid 

spurious correlations that could arise from contamination of LFP signals from spikes 

recorded on the same electrode we included in the analysis only multi-unit activity and LFPs 

recorded on different electrodes. To avoid any sample size bias we selected an equal number 

of trials for each attention condition. To ensure that firing rate differences did not account 

for any differences measured in coherence between conditions, we equated firing rates 

across attention conditions using a procedure that has been described in detail before7. 

Results were similar with and without this firing rate correction. We report results without 

the correction.

Attentional modulation of coherence in the frequency bands of interest was quantified by 

computing an attention index AIcoh = (Coherence in Attend In− Coherence in Attend Out)/

(Coherence in Attend In + Coherence in Attend Out) where coherence was averaged within 

the frequency range of interest.

Control for behavioral performance differences in the two hemifields—We have 

previously shown that the ability of the monkeys to use the cue to discriminate the 

orientation of the target grating among distracters was compromised on the lesion-affected 
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hemifield1. To avoid any confounding effect that differences in performance might have on 

attentional modulation in the two hemispheres we tried to eliminate the possibility of such 

differences during recordings. To this end, we used orientations that were well above the 

discrimination threshold that was previously determined with a staircase procedure1. 

Moreover, given that performance for one of the monkeys was still somewhat lower on the 

lesion-affected hemifield we carried out an additional analysis. We selected a subset of trials 

that belonged to conditions with similar performance in the two hemifields. We first 

calculated for each condition and for each animal the percent correct performance per 

recording session. Subsequently, for each condition we tested whether there was a 

significant difference in performance between the two hemifields taking into account all 

recording sessions. For each animal we selected those conditions for which no statistically 

significant difference was found in performance between the two hemifields (Wilcoxon 

rank-sum test, p < 0.05). This manipulation resulted in a considerable reduction in the 

number of trials included in the analyses (e.g. for the attend in RF condition we ended up 

with only 20-30% of the trials originally included). The results of the analyses using this 

subset of trials were identical to those using the entire dataset and are shown in 

Supplementary Figure 6.

Limitations due to sample size differences—Because in some cases we found 

significant differences with attention in the control hemisphere but not in the lesion-affected 

hemisphere and given that our sample size was smaller in the latter, we wanted to rule out 

the possibility that the smaller sample size alone was responsible for the difference between 

the two hemispheres. To this end, for these particular cases (i.e. modulation of beta power, 

beta coherence and noise correlation) we down-sampled the data from the control 

hemisphere by randomly selecting a number of signals equal to those included in the 

analysis of the lesion-affected hemisphere. Had the absence of a significant effect in the 

lesion-affected hemisphere been due to the smaller sample size alone, we should have found 

no significant effect of attention in the control hemisphere for this reduced dataset. On the 

contrary, we found that this manipulation did not change the results of the statistical tests for 

the control hemisphere. This indicates that the effects were indeed larger on the control side. 

Although the smaller sample size alone does not explain the absence of effects on beta and 

noise correlation in the lesion hemisphere, we cannot rule out the possibility that we might 

have found a small, significant attentional effect with a larger sample size. Therefore, to 

address this concern we report 95% confidence intervals, which give a direct measure of the 

effect size for those cases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Surgical lesion and task. (a) Reconstruction of the lesion on the lateral surface of the right 

hemisphere of monkey 1 (top) and horizontal sections through the lesion. Numbers 

correspond to dorsoventral distance in mm from stereotaxic zero. Lesion is shown in gray 

shading (b) Reconstruction of the lesion on the lateral surface of the right hemisphere of 

monkey 2 (top) and coronal sections through the lesion. Numbers correspond to 

anteroposterior distance in mm from the interaural plane. Cortical lesion and transection of 

corpus callosum and anterior commissure are shown in gray shading. (c) As a result of the 
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lesion the contralesional visual hemifield (left), shown as gray, is processed without PFC, 

whereas the ipsilesional visual hemifield serves as an experimental control. (d) Task. The 

monkey was required to hold a lever to initiate the task. Subsequently a central fixation spot 

appeared and the monkey was required to fixate it. Successful fixation was followed by 

presentation of the stimuli array, which consisted of gratings of different color. The monkey 

was required to discriminate the orientation of the grating that was cued by the color of the 

fixation spot, while maintaining central fixation, and respond by releasing the lever for a 

vertical grating (bottom row) within 600 ms or keep holding the lever for a non-vertical 

grating for 500 ms following the offset of the stimuli (top row). The relative positions of the 

colored gratings were randomly assigned in each trial. Dashed rectangles indicate the 

position of a hypothetical receptive field (RF).

Gregoriou et al. Page 20

Nat Neurosci. Author manuscript; available in PMC 2015 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Effect of attention on firing rate responses in V4 of the control and lesion-affected 

hemisphere. (a) Normalized population average firing rates from the control hemisphere. (b) 

Normalized population average firing rates from the lesion-affected hemisphere. Responses 

in a,b are aligned on the presentation of the stimuli array. Red lines correspond to responses 

in the condition in which the target stimulus appeared inside the RF of the recorded neuron 

and the black line corresponds to the responses when the target stimulus appeared outside 

the RF. Shaded areas represent mean ± standard error of the mean. (c) Cumulative 

distributions of attentional indices computed from firing rates for the control (solid line) and 

lesion (dashed line) hemisphere. (d) Cumulative distributions of attentional latencies in 

firing rates for the control (solid line) and lesion (dashed line) hemisphere.
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Figure 3. 
Effect of attention on V4 LFP power in the control and lesion-affected hemisphere. (a) 

Population average of attentional effects (attention inside RF-attention outside RF) on LFP 

power in the control hemisphere as a function of trial time. (b) Population average of 

attentional effects (attention inside RF-attention outside RF) on LFP power in the lesion-

affected hemisphere as a function of trial time. (c,d) Normalized LFP gamma power 

averaged between 50-90 Hz in the control (c) and lesion (d) hemisphere. (e) Cumulative 

distributions of attentional indices in gamma power for the control (solid line) and lesion 

(dashed line) hemisphere. (f) Cumulative distributions of attentional latencies in gamma 

power in the control (solid line) and lesion (dashed line) hemisphere. (g,h) Normalized LFP 

beta power averaged between 15-30 Hz in the control (g) and lesion (h) hemisphere. (i) 
Cumulative distributions of attentional indices in beta power for the control (solid line) and 

lesion (dashed line) hemisphere. Conventions as in Fig. 2.

Gregoriou et al. Page 22

Nat Neurosci. Author manuscript; available in PMC 2015 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Effect of attention on synchronization and noise correlation in V4 in the control and lesion-

affected hemisphere. Spike-field coherence in V4 of the control (a) and lesion (b) 

hemisphere.(c) Cumulative distribution of attentional indices for gamma coherence 

(averaged between 50 and 90Hz) in the control (solid line) and lesion (dashed line) 

hemisphere.(d) Mean Pearson's correlation (noise correlation, r) between spike counts of 

pairs of single neurons in V4 in the control and lesion-affected hemisphere in the two 

attention conditions (red bars: attention inside RF, grey bars: attention outside RF). Other 

conventions as in Fig. 2.
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Figure 5. 
Effect of attention on V4 firing rates responses and spike-field coherence in error trials. 

(a,b) Normalized population average firing rates in incorrect trials. Activity averaged over 

V4 neurons recorded in the control (a) and lesion (b) hemisphere. (c,d) Spike field 

coherence in V4 of the control (c) and lesion-affected hemisphere (d) in incorrect trials. 

Conventions as in Fig. 2.
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Figure 6. 
Effect of attention on V4 LFP power in error trials. (a,b) Population average of attentional 

effects (attention inside RF-attention outside RF) on LFP power of V4 in the control (a) and 

lesion (b) hemisphere for incorrect trials as a function of trial time. (c,d) Normalized LFP 

gamma power averaged between 50-90 Hz in the control (c) and lesion (d) hemisphere. (e,f) 
Normalized LFP beta power averaged between 15-30 Hz in the control (e) and lesion (f) 
hemisphere. Conventions as in Fig. 2.
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Figure 7. 
Effect of vertical distracters on neuronal responses and LFP gamma power. (a,e) 

Normalized population average firing rates of V4 neurons in the control (a) and lesion (e) 

hemisphere. In all plots red depicts data from trials in which the monkey correctly released 

to a vertical grating inside the RF (INcr), black/gray depicts data from trials in which the 

monkey released correctly to a vertical target outside the RF (OUTcr), blue corresponds to 

data from trials in which there was a vertical distracter inside the RF and the monkey was 

cued to a non vertical stimulus outside the RF but released incorrectly instead of holding 

(INincr), green corresponds to data from trials in which there was a vertical distracter 

outside the RF and the monkey was cued to a non vertical stimulus inside the RF but 

released incorrectly instead of holding (OUTincr) (b,f) Bar graphs indicating mean 

normalized firing rates across the population averaged 150-300 ms following array onset in 

the four trial types in the control (b) and lesion (f) hemisphere. Error bars indicate mean ± 

standard error of the mean. (c,g) Population average of normalized V4 LFP gamma power 

averaged over 50-90 Hz in the control (c) and lesion (g) hemisphere. (d,h) Mean LFP 

gamma power averaged 200-300 ms following array onset in the four trial types in the 

control (d) and lesion (h) hemisphere. n.s.d not significantly different.
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